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I SI- ART 

The purpose of this study vas to evaluate vanatli- • 
as u container .ateriai for molten isr-vtb in a li uid- 
notal-cool^d system* A rourh a raisal of anadii , as 
a container material for sodium was aloo included. 

ih® investigation tool; two fora, ike first series 
of testa utilised cruci'-l s of van&dl*?. containing bi/ nutk. 
uesults wor" determined in tans of tlmces Independent 
variables, vis.: ten; eruture , ti&o, and degree cf 
acitation. Do indent variables were (1) solubility of 
vanadium in bisxuth, deter, ined by ehe ic:l analysis, 
and (2) , de th and type of corrosive entration, 
dot mined by italic graphic inspection. 

The ^ocond series of tests utilised tubas of 
vanadium containing a snail ar ount of bi • uth. Ih© 
tubes were nil tod at five minute intervale vfcile Ux>, 
ends of the tubes vere maintained at can tout but 
widely so arated temperatures# Deposit: in t e lt."» 
temperature nd furnished : hysical - vi.lencm of ti»r. 1 
gradient ass transport. Cold-en-1 de osits ere 
analysed die ically# Ident’fic. ti n of dc osits 
were checked by n.-ray spcctn ’raphic 2_**al :'5 lo . 1-J not- 

ification of tne for ta-'en by ti ■& de o - it w s- dc 
by etallogra hie i\s ©ction. Corrv^i .e attec* of 
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tho high to. \ eraturo orcl of the t^b© .’as also : tndiod 
k« tallocr»j. hiealiy « 

f.e ults ,r ere -unfavorable. The vanacll • : 

1. was ttiscoi tible to oochanlonl (corrosive- 
erosion) attach by bis: .uth betve n t@ porsturos of 
5£0°C and 700 °C, 

2. had high solubility in bis-ut , solubility 
varying al cat linearly with teu. or. ture, 

3. suffered s- v ro inttryranulsr corrosive 
attac' at terperatures of 900°C and above, 

4. ce- ons .rat*d a trcai ro-orurij for 
tiier:- al rradiont ss trans* ort, 

5. was attached, durinrr the r.acc transfer 
o^periL.* ats , at a particularly ra* id rate in the 
high tester *ture re.rion bccauuo of the jyclic re. .oval 
of dissolve 1 /anadiur. in the lew t«e.i eruturo region. 

In the included experiments with *. olten sodium , 
the vanaciiun shoved little resistance to attack. 
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ii irrgr oprcTiQK 

A. Background 

i olten bisaruth has many properties which make it 
a highly desirable coolant in nuclear reactors. It has 
low neutron absorption cross-section, a high trarsport 
cross-section, and excellent alloying characteristics 
with uranium. It has a relatively low melting joint 
(266 u c) combined with a high boiling point (1*#C °C) , 
although its specific heat is quite lo , its hijh 
density ,ive<: it good he it transfer characteristic*, on 
& volv&etrlc basis, fforts to utilise its advantage • 
in a I iquid-Ji* tai -cooled or a liquid-notal-fuelo. 
reactor have launched a search for a good contain r 
material for molten bismuth, ->uch a material wust, 
among other tiJ-ngs: 

Cl) net be corroded by the molten bismuth, 

(2) have favorable microscopic nuclear 
characteristics 

(3) resist .^asa transport in circulation loc : s 
Involving temperature cycling, 

(4) have sui table high-te. crature ".trongth and 
creep resistance, 
be reasonably easy to fabricate, 
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Vanadium, when considered as a possible container 
material for molten bismuth, has received rather cursory 
but generally favorable mention Ci.) ♦ Preliminary static 
tests used to screen out obviously unsuitable materials 
indicate that vanadium resists corrosion by molten bis- 
muth, More exhaustive tests on those materials showing 
promise havo naturally been focused first upon the ones 
which were most attractive from the stand-points of 
economy and ease of fabrication, 

D, Scope 

Investigations of the corrosion of vanadium by 
bismuth | and thermal gradient mass transport in a vanadium 
system involving th@rn.al cycling of molten bismuth, were 
established as the primary aims of this study, 

1, Corrosion studies 

Corrosion of a solid metal by a molten metal is 
minimal when either the free energy of the reaction is 
positive, or when an intermotallic film or protective layer 
is formed through which the diffusion rates are small Q>. 
It was assumed, as a working hypothesis, that soma kind of 
in tor. metallic film would bo formed in a vanadium-bismuth 
system, and the apparatus was designed in such a way as 
to subject this (assumed) film to varying degrees of 
agitation. Erosion of the film and of the inner surfaces 
of the container were expected to vary the results of the 
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corrosion tests* For purposes of comparison, containers 
of & '5 chromium - l££ silicon stool wore included in the 
runs. This steel, known as Croloy 5 Si, has been the 
subject of extensive tests at Brookhaven National Laboratory 
(&). In addition, at te^fc temperatures below the boiling 
point of sodium, vanadium crucibles containing sodium were 
Included for rough qualitative te/t of resistance of vana- 
dium to attack by molten sodiui . 

Test and analysis rocedures for this . eries of te- ts 
were designed to develo a broad range of information in a 
relatively short time rather than to achieve pin-point 
accuracy. They were principally intended to indicate the 
direction of any further investigation* 

2. Thermal gradient K&ee transport studies 

When solubility of the solid, or container, 
metal varies widely with changes of te p-rature, there is 
a probability that lass transfer will occur in a closed loop 
system involving physical circulation and simultaneous thermal 
cycling. Container taetal, going into solution at the high 
temperature, precipitates cut and forms a metallic growth 
or mass in the lower temperature region* Concomitantly, 
the removal of the dissolved co^ orient from the circul ting 
material accelerates corrosion attac In the high terr-era- 
turo region Q). The tilt- tube process used in tills 
investigation offers a simple and raj id te.,t for ra 1 s 



tranfer , Tho ends of a long tube of the container icaterial 
are maintained at constant temperatures, one high, the other 
low, and the tub© is tilted beck and fo: th so that the 
contained molten metal is subjected to sudden and severe 
thermal cycling. Under the e conditions, caus transport, 
when it cecui’s, may be ex ected to be severe and unmistak- 
able, 

C. Classification 

For sim: licity of handling nd dissemination it was 
decided, upon ad /ice of tho thesis supervisor, to keep this 
report unclassified* 3c causa of its narrow scop© and in 
the light of similar reports in the litera*. '©, thie itudy 
is clearly of .js unclassified nature; however, information 
pertinent to the testing procedures and previous work done 
on allied subjects is often contained in coaj; ilatlons or in 
combination with classified material* Quotations frem 
classified literature, either directly or indirectly, is 
therefore impossible and has been rigorously avoided. A 
list of classified literature containing pertinent material 
is included in the bibliography but not referred to in 
the text* 
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III : ?/ C ih T rr: 

A. Corrosion Tests 
I* Apparatus 

An electric furnace , eighteen Inches in overall 
lengthy was wotnd and energized in such a way that isother- 
mal conditions could he maintained over a fourteen inch 
length of its interior# Details of furnace construction 
are contained in Appendix A. The furnace was mounted on 
a teeter- board tilting 20 ° fron the horizontal in each 
direction on bearings located in line with the center of 
the furnace# A motor-driven crank am lifted the weighted 
teeter-board through the horizontal (the point of unstable 
equilibrium) from where it dropped freely the regainin', 20 ° 
onto a spring which bounced it several times. This action 
was repeated twelve ticcP ; cr minute, the purpose was to 
subject specimens placed in the center of the furnace to 

c mild form of agitation, little more than & tilting 

* 

action, whereas specimens located away fron the center 
received repeated jolting, progressively increasing in 
violence as the ends of the furnace are a p reached 
Figure 1 is a diagram of the furnace chanicm# 

2 # Specimens 

Specimens were s^-all cylindrical crucibles of 
vanadium and of -roly 5 Si type steel. Interior dimensions 
wore 0.25 inches in diameter by 1.07 inch in length# 
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FIGURE 1 FURNACE APPARATUS 






Crucible construction and dimension arc she n In Fleur® 2, 

A few of the crucibles were filled &b_ut one half full 
(approximately k.'j gram ) with purified bismuth. The 
Inner surface of the cap was polished fer later metallo- 
graphlc exes ination. Inner surfaces of the rest of the 
crucible were roamed smooth and pickled in nitric acid. 

The crucibles were placed in a tight-fitting copper 
Jacket which was water cooled and the caps welded on with 
an electric ai'c in an argon atmosphere using a val«r-cooled 
tungsten electrode. Cooling of the body of the crucible dur- 
ing welding was dictated by the necessity of completing 
the weld before the contained netal (sodium or bismuth) 
reached boiling temperature • Crucible fabrication, 
loading, and voiding are discussed In detail in Appendix B. 

3. Testing procedures 

The crucibles were wrapped in tantalum foil and 
placed, five to a tube, in Vycor glass tubing, fourteen 
inches in length overall, which was sub^equ ntly evacuat- 
ed and sealed off. Depressions in the glasr tub© r, aintain- 
ed the crucibles rigidly in place. Crucible.' ere rousted 
inches ern^t at their centers, overall crucible dis- 
placement being 12 inches, end to end. ountini; of 
crucibles is shown in Figure 2. Th© center position in 
each tube was occu led by a vanadium crucible containing 
bis uth which received slid agitation. he two end 
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Figure Corrosion Test Specimens 
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positions, subjected to the most severe agitation 'e e 
occupied by a vanadium crucible and steel crucible, re- 
spectively, both containing bismuth. Intermediate osi- 
tion were not filled in all runs. Wheat filled, they 
were occupied by vanadium crucibles, on© containing 
bismuth the other containing sodium. In terms of the t 
three independent variables intruduced in these tests, 
crucibles were placed in the furnace 'according to the 
schedule of Table 1. 

4* Analysis procedures 
(a) Chemical 

Upon removal from the furnace, 
crucibles were sot vertically, without coolin , for a 
short tine so that particles eroded from the inside cf 
the crucibles had opportunity to settle at the nd, 
then quenched rapidly in cold water. It was -spec ted 
that the crucible aetal taken into solution y the 
bismuth might precipitate out upon quenching but that 
freezing would occur so rapidly that this precipit te 
would rerain in suspension. The cap, bearing tho pre- 
pared surface, was then cut off and ■ repared for 
metallo-’rapic inspection, fhose crucible containing 
bismuth vere c‘ uc’-r d in s lath' and the crucibl' and 
outer surface of the bismuth turned off. The r< ■ ain- 
ing bismuth •as cleaned by dissolving to ab.ut 2/3 of 
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forner o iso in nitric acid* This was then divided into two 
two parts and the parts individually analyzed ehenlc&lly 
as a check for homogeneity* Analyses of the two parts 
ar© listed separately in Table II# The standard deter- 
mination for vanadium (potassium per chlorate-sulfuric 
acid) could not bo utilised because of interference with 
the test by the bismuth, and use of a considerably less 
accurate colorimetric test for vanadium was enforced* 
Appendix C details che&ic&l analysis procedures utilised. 
Crucibles containing sodium wore cut open and 
immersed in distilled water* After the reaction had sub- 
sided, the crucible was removed and its interior was flush- 
ed with distilled water, the washings being added to the 
solution. The sodium content was determined froa analy- 
sis of the sodium hydroxide formed * All solid particles 
regaining were tak n into solution with acid and the 
resulting solution tested for amount of vanadium present# 
(bj Kotallographic 

The cape were sectioned perpendicu- 
larly to the prepared surface, mounted in plastic and 
polished* to'iiho t etching, the surfaces * -ore examined 
by means of a metello graph, To prevent rcrsonal bias 
or predilection, an independent observer, not appraised 
of the spscim n tost conditions, examined the entire 
cross section cf the surface exposed to corrosive action. 
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The observer then solo etc.! a representative section typ- 
ifying the conditions of the surface-, and this section 
was photographed, 

B. Hass transfer tests 

1. Apparatus 

For tills set of tests the ©raviously des- 
cribed furnace was energised in such a way as to provide 
a localised point of high temperature near its center. 

An electronic interval timer uas used to interrupt motor 
action so tliat the furnace was tilted down on th© alter- 
nate end ©very five minutes. The bouncing action described 
in previous section was damped out. Appendix discusses 
the switch and timer action for cycle control in the tilt- 
tube mass transfer tests, 

two large cylindrical blocks of stainless steel were 
fabricated to fit over li inches of each end of the tilt- 
tube specimens, these blocks acted as hsat reservoirs 
and were used to stabilise the temperatures of the ends 
of the tilt- tubes, thermocouples inserted in the blocks 
were used to monitor tilt- tube end temperatures, the 
tilt-tube heat-reservoir-blocks ass© bly is shewn in 
Figure 3* 

One block was maintained at >00°C, Ihe other block 
o 

stabilised at 39C C when three tilt- tubes were in operation 
simultaneously, at 32C°C when two tuo* ere In operation, 
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and vac held at 300°C (by addition of external heat) when 
only one tube was left. 

2. Specimens 

Specimens wei’e eight inch long tubes of 
vanadium drilled from extruded rod as discussed in Appen- 
dix D. A tilt-tube for the mss transfer test is depicted 
in Figure 3* Caps with polished inner surfaces, were 
welded over toe ends. Contents were ten grams of bismuth. 
The vanadium tubes vere wrapped with tantalum foil and 
placed in Vycor glass tubes, evaeuat d, and sealed. The 
wrapped vanadium specimens were made to fit tightly in 
the glass tubes In order to attain good heat transfer. 

3 • Analysis 

At selected time intervale the tilt-tube 
assembly was opened and a tube removed. The tube was 
quenched vertically with the high temperature end down. 
Ends of the tube were cut off and sectioned. One half 
of the low temperature end was polished for X-ray 
spectographlc analysis and for retention as physical 
evidence of mass transfer. The deposit in the other half 
was car fully chipped out and used for chemical analysis. 
The high- tempera tur© end was sectioned and polished for 
metallographic examination. 
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IN BISMUTH 



figure k 



Cfwt of t t. .a - v *cc\-xl- 2 ct iti *1 (leu tt • . 



.<5 it 5 on, .*> ir;< r. • • * e-ajlted ' /» s *ci- •*.* 

cli. -4. In V. c C runs* .- *tse.l er*-ol?d S‘cJL.ic 

te t, tee! n^ci^or a2 over. i» . caitiff •.<£ •. .rV 

severe ^Italian at all be ■•iu.av* .a« ' for *U - rlo*?ft 

t • b * ; f 2 » 



4, •©ttlrr rf cr:c tlo urt'S'-e 

ottlp - r t k '© ~ rf- 1 ® i, Hr .it- .fit' l~ 
c:oli--><? is cent i era.* v«iy ii/fx riant to /.*•«•.. ti*v i\ r 
• O © iLV.OSV ( V . *-lfcU?Vg!t it2 i. ■ trtonCC*, In *-<•- 



;-r-- cme r : ure ..tend t is* ti», • » , t • sof i ■ v 

neci of . ett!nj * a '-© rec r £» 



~*lcv 'T>! c ' /ettiac -f . *« v • ivr V t>-' b!s**uth 
vsui infc r t.*v core; «< ils »>t l-i*.- !*• t lev.- ol 

cM.ll , *eads loofol/ • d.rOiv i" t*'» t*« svrr-.a * ^ / Q C 

filJE £c m&tion *a$ evident ttit stii? in' •»r? it • - t, L .« 



film i if lerir.r n color fro-, the -'o rv t 1 



ror *•• • ic. 



it '.aj forre -.ii vV°c c2**«.-. 

vaa.-llar till . . : v*i darkly t. roc.; i 

Above •*eto±n * was U*aa*'n • .1 - o t ile'. 1*1 

wlxch \riB <*iiu. inrt- re ra .‘rx. ... r;l U 

In c nir.v,tj v** t e o *: ? j i : r *: ’ ' ..' 



r.to wO 
e lilt,. 

. r* f . » - 

* V i •iM.'k* *. 

tides. 

- i >:• 1 



a . nr v;?oo <• ••• >»? of <1\-' . f t *z.' S' It n. 



f ijT. •'■- £»c« * '•* v m c^t to f * 



** 1 eo • « • t l r 




S -<*ci • OS, -UC* t J 1- «iE lr. .1 JiT.Cl- 

b ! <i .? •! .1 *. . ■*!.: . <r «r> t i. . .;**»• . t. .i i»-„ vr 

•'i*o • ' '-e I'Z- r . 



*0 



j, Corrosion test - Crclo," 5 1 by ulst-UiU 

Pasults - re included in fabit 'll. rfjotw ieropra- X. C 
crucible inner surface attach are cell c i 1 14* 

>taol surfaces r*>si "tod i v tac : far tl. : -2 id tL« 

vanatUv • . at all ta* .. ©ratlines, dorro.ticn ‘-t»s relatively 
r-iiior until '-wry ni-'i. to ..y* rat'xes *»re c'.cd. i ••v«* 

O r O° C, t’ ti steel vfoa • ttacvrl in a eerliu* u . isv itK 

yen trat «i through a s -all fissure in tic * urfaco, c.-lsno2v~ 
in-- avay rial t th- bottf _ of tit flcauJe to f - ;v a 
poc’vt or sub- -surface void. 

C* Corrosion, tests - wuiadit* by ,io'i 

csulta are .included in .a 1 II. I ho tea dcra/ro^bs 4T 
crucible inner surfs.ee i“ac.. are ccllectnd in £"i yu*o 
Agitaticm was interred late in all ee.se* . It. ou t results 
of ch*; ic.'l i;tal/ri3 -'re list's ?-• -acts of van*-*! I*,# per 
ail lien parts* by vei >.i *jf roll t t'.lj is by n- ■ y.r 
intend?? to ; ortrr. s-'lu llity, ' y idi rer-svod frc. 
inn-T scrf&cec of tr.e ertei "e, inclc‘in t ; a 1 rein. d ; arti- 
cle rois.d fro; tbs jyf.ee cv v*3' \s /a Uv tecvR in*c 
solii 1 i :i by ti<. ncllu. , '.J i allied in to ne ur nay- nt. 

* ! 'ijs tr*y.2l>r tv 

1. , ~ivf evivneo 

lv to ;r *•. vf in to# cc 



#ii*l of tic, tilt-t* »*.s lev eve 2£ry r ri. -c, of If* v ir 



•v 



33*- iiOfj^s *ro s .c/.oi 1. ; * rr* l , 3rittl -,g vl ft-, i. lor 

of -t lea lit on ! lose • • .rev * ir. v ~ t« .u UJ; 



the sections in several instance:., There was nothing •hat- 
over in the cold end of the tube cycled for only one hour. 

Deposit in tho cold end of the tube cycled for 336 hours 
formed a pocket which trapped cone of the liquid retal. The 
entrapped bisnuth is clearly seen betw-en the side of t r <a 
vanadiuaa tub® and the d®poeited material in Figure 16 (b) . 

A. photon icrograph of tho identical region may be seen in 
Fi -ure 20. A photomicrograph of the deposit in th® 16 hour 
tost is shown in Figure 19 and a m&croyho to graph of this 
deposit is included in Figure 16 (a) • The high te p«-rature 
ends of the tubes which w#ro cycled for 1, 16C, and 336 hours 
are shown in Figure 17. 

2. Cheaic&l analysis 

Chs- ical analysis of the de^osit^d material 
from the low temperature ends of the tilt tubes are listed in 
Table III, The cq: position of the ph ses and the relative 
amounts of each present are not revealed by chemical analysis. 
The deposited material was loosel* bonded to the tu^e walls 
and easily broken free, 

3* 1 etallo _raphlc ex -• inaticn 

figure 18 is a collection of photomicrographs of 
the hi h te .perature ends of the tilt-tubes showing attack by 
the bi sn.:th. Figures 19 and 20 are p^otocicrorraphs of the 
deposit in the cold end showing t«e Ic restructure, 
k. X-r *57 s '-ctrogra ic analysis 

In addition to cue *cteri3tic lines of vanadium 
and bisnuth, t.o stron line- of an ni/lentifiod substance ire 
prose t in the ~r- y h.of the 161 hour cold end 
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deposit, A vanadium- bis: nth alloy is clearl * indicated, 
Since extra linen introduced by this alloy are co f aw, 
probable exi stance of a cubic phase is inferred. 
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Figure 6 



Cross section of interior surface of vsnadiua crucibles containing 
bisnuth. Uastohed. Magnification 600X. 
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figure 7 



Cross section of Interior surface of Yanadlsai eruoiblca containing 
fcissmth* Vfcafcohod* Ussj?i ificatioa 600X. 















. 

C4, J h* 







S' 




i • 

1 









» 



30 




(a) 



Por led 

Agitation 



i 720* c 
» 96 hour# 

1 slid 







(■&) faaperatouf* * 7^0 C 

Fft?iod t 96 hours 

Agitation s sr/«w 



?igww 8 



Cros* elation of Interior surface erf y«aa&lvusi <sru«i’bl»n *tm i*4ni8£ 
fcieaut! 5i» Uaotc&od. ^edification (yOOl, 



Of 









• *t • — . 

* 

' 



VFa i * *-a 

*• • • -T * »• 

* am*, i 



. -V. - ! 



aHuSRim 



i£i-l 3 ■ r 



U> 



?wapariiiure t 800 * S 
Period * hottre 

A^tatlCA J sail& 




U) 



y^wp^raiur*? { SGO^U 
JPorioA I 24 hosra 

A^ltallafe i sevara 



figure 9 



Cfoss neotlor. of intwrior wwf&ea of van* ium crucible a aontalBiuf 
Msuuih. Ifcwstcikod. Magnification 600 X. 
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Figure 10 



Stoss cootion of interior surface of vanadiuB cmsiblec eoct&iniiMj 
bitOTth. t3feotc;ied. Haisnification 600X« 
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figure U 



Uross section of interior ear face of Tanadiuw crucibles eontainir.3 
hisaufch. Uaetched. Magnification 300X. 
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Cross section of Interior surface of rnn&ditia orttclbloc ©oat&iolag 
bicnuih* Cfcetdkod* Msfjsi f iootlon }00Z. 
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Ketet 72 -hour specinen substituted for 

1 Mi-hour epociaon which failed under test. 
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Agitation t severe 

I5ot«: 72 -hour specimen substituted for 

l4M-hour specimen which failed under toot. 



Figure 13 



Vroee section of interior surface of vattadiua eruciblas containing 
Mwmth. Uttotched. Ma,£?ificfttion300X. 
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uross section of Interior surface of steel (Croloy 5 Si) crucibles containing Mssmth. Unetchcd, 
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Figaro l6 



^cropiiotograph of cro«e Boetloa* of lew tsqperatur* ondo of 
«a*s transfer tilt tube*. 
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(b) Duration of Tost: 336 Hours* 

figur® 16 



Cross section of Mgfc temperature ends of mass- transfer 
tilt tubes. Unetched. Magnification: 150X. 
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Timr* 19 



Fho to»icro jprJfc h of deposit In low temperature end of tilt tubs, 
eviration of 5?«st* l60 hours* tfa etched. Magnification) 5 OX. 
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figure 20 



i^toracroi^aph of deposit in is*, teepetafcure end of tilt tube. 
Duration of Tests 336 hours. Unetched, /iegrdficatlont 901 
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v. i>r. cl- n w ■ r a / nrs 

A. Corrosion tests 
1. Solubility tests 

Tho solubility of iron lr. melton bismuth was low 
up tc About 75 0° C above which it is seen to increase 
rapidly as shown In Figure 4. .he van«diufc solubility 
curve, within the teiuporature range tested, exhibits notch 
greater linearity, not having a particular temperature above 
vl-ich corrosion accelerates rapidly. Neither, cn the other 
hand, docs it have a V upernture region in which its solu- 
bility characteristics ray be considered good. Tho ah 03t 
linear increase of solubility with temperature establish** 3 
conditions favorable to thermal gradient mass trans ort at 
any selected set of oj orating temperatures. Solubility of 
v aria dints in bismuth was greater than that cf iron in bisniruth 
at all terperatures tested, 

2* Corrosion and corrooion-orcsion 

har' ed difference in surface attack at low tempera- 
tures arc evident (Figure* 5 and 6) between sped ens which 
had gcntlo a-itaticn and those v-lch had severe agit»ticn. 
fet first, attac increases as tiM-perutur© is increased, 
showing definite inter -rcnular attack at 630° C (Figure 7 ' * 
Eovevor, Intergranular attack diminishes at th® te pera- 
tures at which Intn* metallic film formation becomes a ifest. 
it 720* c, one of the s eciaens snows film formation with 
adherent bls 4 uth. The other did not fom a film and 
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vac corr°§©d (Figure c ). ’ t C -*0 C C inter. .etalllc fils, 

for -*tion was fairly consistent ond the surf o cos were only 
slightly d ’aged. At- 900° C and above, intense intergranular 
attach again beco 5 vident, *" ichlng roporticns of 
5*X> 'ils per year at 1000° C. > easur* »e;vt of penetration 
t theca tc pera tares is rather arbltiary since da~ *ge i 
oft-’n so advance 1 as to r.*'r 0 the location of the original 
surface level a Better of conj<etur®. Attack, at 1C00 W C, 
ay cars more caver® for s^eci ens agitated rildly than for 
h* , ly agitated spacinens. Ibis say be caused by mechanical 
bracking array, raider severe agitation, of grains vh-ore 

boundaries have been chemically attacked* living the a pear- 

/ * 

- co of less penetration. 

Corrosion-ercsicn of vanadium by sodiur, 

^osion it lo 1 t^* *ratur® i;. again rviti^nt t! otigh 
*enerally to a lesser derree tl an tb t cause! tr bis? nth* 
ttack ’.as verso at C than 't Sc°° C, a; ountin? to 

1*7/00 part* p«r il'icn at tfC° in 36 O hours, the sur- 
face? at i.C0° are characterized by bumps or protuberances, 
'.‘hose buppe ire v *li v d to be localized ■ oint** resistive 
to corrosion attac'-, possibly due to impurities -r^Tt, 

' ttack is believed to be a ;cneral surface attac leav- 
ing ttc resistive points salient fr n tb® loured surf ce. 

Though this v t of tc ts c. a rough and oai'l 
inconel sivc m*t re, it a\ p ers tb* t v . i dl* do s . t Id 
uch roti: s a container .-iterinl for nolt-n iodiwu. 
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C , Ther al gradient traijaport tests 

. vl&cu-e of mass transfer under vhe extra .« conditions 
tspesd in this tost Is incontrovertible. After completion 
of the tests it was evident „Lat uore bismuth 3hould have 
boon introduced into the *.a£5-tr&nsfer tubes. Upon section- 
ing the tube after a teat period of 33& hours, air os t all 
blsauth .was depleted (sea • igure 17). A large proportion 
of it had apparently gene into a st&lagcitic growth la the 
center of the tube adhering to the lower side and to the end. 
The growth was brittle and of a vary fra ill© nature and was 
broken in attempt in* to prepare It for photographing. A 
considerable portion of the biswuth had a 4 parentiy gone 
into u gold-colored layer adhering to the walls of the 
tube beginning at about the center of the tube and becoming 
quite thick at the high temperature end. The appear enco of 
the fill* nay be noted in Figure 17# 

Corrosion attack of tho prepared surface at the hot 
end of tho » ass transfer tubes was intergranular in nature 
arid was so sever© for the cycling periods of 168 and 336 
hours that the lowest power available in the microscope 
barely included the full depth of penetration in its field. 
There was no apparent attac’- in the tub© operated for only 
one hour . In the 500 hour test, pentration was visible to 
the naked eye (about 1.5 billieeters ; . 
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A, Co. nercial quality high-ductility vanadium is not a 
suitable container material Tor hirte purity molten bismuth 
because of the foil ovine demonstrated properties: 

1. lov resistance to mechanical attack at temperatures 
between 550 and 700°C 

2. High solubility in molten bi couth 

3. severe inter- r&nvlar corrosion at high tempera- 
tures 

4* susceptibility to tncriial gradient mass transpoi't. 
(Convection currents of bismuth in a vanadium 
circuit m.y bo expected to i roduee plugging in 
the cold portion of tie loop and severe attack 
in the hot portion). 

B, Co,, rrci&l quality vanadium shows little promise as a 
container material for molten sodiun. 
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Apoenoix A 

Furnace Design and Construction 

Design pa ra w ct e r e for the furnace were icpooed by an unusual set 
of eiretcastances dictated by the testing procedure decided upon, Jeeaus© 
of the shocks and ieeclumical stresses to which the furnace would be 
subjected, it was imperative tnat the windings be exceptionally rugged. 
The physical size of the furnace had to be fairly sxali so that the 
teeter-board dinenoioaa would bo reasonable, yet the isothermal region 
id. thin the furnace had to be relatively large, fho latter criterion 
ncccasLt ted sjaltiple wlndiacs with the individual windings controllable 
independently, In the presence of a ca^otarit-nc^r^pcr-turn winding, 
te»xperatur© In this type of furnace usually distributes itself along a 
cosine curve on the longitudinal, axis because of the i .cudum heat lo.,s 
to the ends of the core. To compensate tor this, windings were designed 
with iMuiaua power per turn at tli* ends and adnierum at the center, For 
rigidity and tu- . orature strength, a very heavy wire, twelve gauge 
was docidod upon. The large diameter and low resistance of the wire 
enforced the uoe of transformers to provide low-voltage high- power 
sources. Five cones of controllable heating were deed dad upon in order 
to insure that co/istant temperature could be rwintained over a lar^c 
portion of the funsaco length, Since the tr&nofcraerc provided Isolation 
of tho power sources, adjacent windings shared load-ia wires and internal 
wiring was kept to a odniaua, Tm twelve guage wire was wound on a three 
inch diameter Alundua refractory tube, 1C inchoc in length , grooved 
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6 turns to tlie inch. The end windings, consisting of 14 turns each, 
were energised by 24 volts (xv-sinal voltage), These windings extended 
no further than t3se end plugs of tbscoro, end were intended to heat 
the plugs and prevent heat loza end consequent teeporaiiro drop at 
ti» ends* H* actual interior portion of the furnace was boated hy 
three windings of 22, 34, and 22 turns respectively, eu*j*gi«ed by 
voltages (nominal) of 30, 36, and 30 volto* The pari enry of each 
isolation and step-dom trsnsforasr was anergiced by a Vari&c variable 
voltage transformer by whish tl» output voltage could be varied fro© 

0 to 217 % of noodnal voltage* A chro.'rel-aliEai 1 tbsraocjouple was 
placed directly adjacent to the cantor of the binding end used for 
operation of a Leeds and Korthrup Mcrora&x controller, Tbs controller 
operated a holding type relay (to prevent raloy chatter) which, during 
doiaral periods, shorted out a largo Vari&c used as a variable inductance 
in oerice Tilth all Variaee ccntrolling funneo region isolation trans- 
ferrors. during aon-dsasand periods the voltage to the isolation trans- 
ferrers wan reduced by the drop ssro&s fcht aeries inductance, This 
-»t4 w of control vac the only one of tho three tried which did not 
result in excoocivo r*>Xy contact arcing due to inductive affects of 
the five isolation transfers: ur* in parallel. A circuit disgras. of the 
furnace winding and control circuit is shown in figui-o 21* 

Lsftda frosu the individual windings were welded to the cocaon points 
of the. windings and consisted of double length* of 12 gauje nirc spot 
welded together every two italics. iktds of the double wires were welded 
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to stikj3 which p&o cd thorough the transit* furnace cuppcris aid tr~r# 
used as eoaneetion points, Uain* e|ual pcrser in ail tdJKLnjs (.^t 
eq«&! power per turn) the fursMMM» beffiperatuni ',w-.n e.vi pie^e t?as 
within ien jet - ,.t of tu.® center set to .peraiere ir&lntair.oi by 
cont^jller; upon first heating, w ed^writtent of voltage to tt»« 
individual aonea, temperatures witMc the furnace could e olr.ta_.tiod 
to KdfcLdn plit# or •d.nus l/Z ■ at all point*# 

The free© for the furr.&ce toatez^board (figure 1} was usds uaing 
four-lr.c. d'uua'iol be&se and u_.a ski . orted, at first, in r«sa sleeve 
beu*in£S. The *ei ht f the furnace caused binding of .be sleeve 
bear.tr. a. “ole interfere*! with tbs bsmeing --cticn i;.t«nd«Jt to eapt-ly 
eavere agitation to the endr-nounted a^ocL./na, j-ar^e ■ all ^ sari.. *8 
were substitut®.’ fur t-.« «*i> evo . carings and »• lurttaur ; oariiw 
difficult; was —p a U qiieod# 

or the oenvsl teo-s t .e ~ «vcr ,ite„> c;-a*otia. c„,u oi'owi 

jigwre 1 were n«t u* fhe actor epoed e-fctrvllcr -its =i to !>_*<- y 
Uvo fur** oe *i the rin; e uxe *ver 5 5 ** a-ode* 

or the ^«as trauififo. te-ts t.-- baincin^. cti.n oi t * fun-co 
toctor-vosrd > o '88^?ed .u., he o filial. Ion i cried jeduved to 
a ten jLmgi* cycle, 

oclilatiwfl froqeecie*, ">3 reduced by periodic isberrupti *n tf 
fOKftr to tne .otor by an electr rdc interval tiaer, ihe circuit his, v 
of t.iO in erval tiaer is eltown in figure .1.1. Hie car. operated the 

ch as t:i» f_r,>eo t<*.ter-fe©erd wont through tw»ru.jsxv.*ftl '.--d 
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co;.tcr. The 'oser teas t*.ea cut off to the . tc/Wr, but inertia ft fc£» 
- 'tor goiJig Tea' a fere raore tumo* ftca» t.,is pat»t on the fum ce 
droy ad freely cruo a ua_ve& ^-cp. «t the ead of th tlmd ir.^orv^l 
t.4» inMawlttent lift ctior. of the operating oechanieat aIlo..ed tbe 
.jo tor to build up to speed, under no 1-ad conditif>ns. 
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Crucible Construction, Leading, and Welding 
hpoeifieatione for the ctariing rnt<irl "»«» are as follows* 

1. vaaadlun ssatul ( Kiectre-Meta.ll'urgic.al Co, ) 
fora* chips, 1/4 inch tjr 12 meek 

analysis i carbon 0,05^ 

oxygen 0,056* 

hydrogen 0,0.1 £ 

nitrogen. 0,06 $ 



* % 



biftimth neia.1 ( K&llinekrodt Cheisieid Work* ) 

forfe s granulate* 

analysis i arsenic 0,000 $ 

cop-^ar 0,005 i 

iron 0,00 $ 

p.ilrer 0,005 $ 

sine 0,00 f> 

3* sodim Betal ( ftallinckro&t Chodoal Works ) 
form * solid "billets 
'iaalyeie * not available 

The mwxr-i\m metal chips were cold compacted in a ctrsl e-n ..t 



32,000 xum&s „n&r eeuaro inch, The can vae thun evacuated, sailed off 
and •• traded at 1950° F through a 0,7 inch die, the ext mis ion on t.?nt 
constant being 6k t 000 tmini# per ertture inch, 'fho first extrusion was 
burgcly unusable because of insufficient back pressure, resulting in 
cracks and fissure* in the rod, 'ttUge^ua&t ei.vr.Asi >u« wear* ** d* *ith 



& nickel ping at the front of th* extrusion billet. The nickel, not 
being us soft na the stool at 1950° * greatly increased the initial 
back pressure and resulted in an extrusion of much better (mality, 

The rode were swaged lightly for straightening, then turned down on * 
lathe to the final outer diarr.otsr, thereby r«novi ng the steel Jacket, 
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lilscar-iing the ends of these 1 r^'is ( which were eontaKdm.tod with 
nickel at th-o frwnt and with steal at the beck ) loft & solid 

rM. f*cct.VHlng *-f the '-ole into cntrll 1* length* wad 
followed by the drilling oi.it of each section to pro:r«r oopth. 
Interior surfaces '-oro polished vlth fine eaaery cloth, Csipsfor the 
cruel hi v? or prepared from the ease mteriAl, the itmer surface 
being given a netallorjr*- hie T-olish. Dissensions of the oeoablod 
crucible are « n-l»uied in Figure V* .Tunt prior to c* tarring theao 
crucibles with iieanth s^tal, fch./ v pro thoroughly cleaned by 
fielding in concentre. tod nitric acid. 

It uaa fait tbvt the sv*t 111.c blamth, despite its Mgh 
rarity, should not ho j 1 -ced eKractly into the vena, live crucible* 
duo to i 5, » Largo serf. ce area in its granulated fora oad the 
existence, at roor temperature, of an oxide filu on. biisasith. The 
eurf«ce area vz.9 roatly reduced by netting down the granules in e. 
grachits crucible { in air ) and spatting unoxidlsed. Kct'-l fren 
below tha enrface, '.'ho notal ttu drawn up Into a 1/4 inch ( inner 
director ) fyrex tube and *’ lo-od to frees®, after which the gl&ea 
w« broken away un* the M smith rode cut Into *-.5 gru. lengths. 

Tho crucibles were charged vita tc s?e just before welding. 

In the cs.fi s >f the eoiJLu.', efforts to clean up tha r*.t jrial were 
limited to slicing Away the eontanin-.ted surf ace *ith a p tula 
thereafter reducing tho period of sx^osure in air to a iniaran. 

Following chorginr with either blewnth or sodium, the crucible 
cup •* s inserted, and the assembly placed in the vucinvs arc melting 
unit ( Figure 22. ). The vat*r-cooled copper crucible she** in 
Figure 2.2 was replaced by a solid C8jn- , *r cylinder which v e 
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bm •'+& to cvetain ( vlth as** ■ c^-nl crV fit ) ►©vmn of tb® 
cructMoe *t ?•« * t% 1, wj flo -4nr cnol*nt (*• .* r) <.t t v <-» ^tVr. 

Thi-? f i • fcur® ««ce®**ftill 3 r feb ter ^y-tur- --f tho er«*tVL«« to 
a siaisaK In *&»•» r f^n* ounritmflilnr r %*lxw Mmitb er 
ROilim, v»l • lnr o ’ th« om c ntainin^ *o4i'twt -ravoA 

tr d»*’* t-' '*• >n if U>*- ** ’■«» wH*n th* re - a* 

IntAirvid far >-..r* t^> n .* -^cv p«« >n ■ • t - tin®, r-v mm to 

thf tc Aot» <*-# v* « v coat t : n ■fo'vltsi roi-'jr® nf 
le- than eaa »t cr^n, tb -n 'til'/* 1 to a ;iro ' **r« ,f 1,1 *.tro9|#j*r* 

* tb arnm bloi in' - '? t>. rc -•Itiog cy' i ; . r V-r \v£\ tariffed ne 

tr-in. A tuafrtra in th v» vi-rocoa** 
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Figure 22 



Craving of aro furnace used for welding of specimens* 




Chemical Analyse* 

1. }:et«r»'i)Vitio» of vwiadlua in bismuth 

a. Ihreporatlnn for checdcal analy- Is 

U,->on removal from the furnace the crucibles w?ra laced 
vertically, propcred surface tv?, wit rant cooling, so that jxrticlea 
eroded frost the crucible would va c* .nee to eettle. fha crucible*, 
in the *-•_© coition, were than nuenched in cold v&t~r. Tam 
cruel He mtorial and arpro tiaw tely 1/32 inch of tho outer surface 
of the Misuth ”lu^ wore turned off in a l'-ihc at the lug cut 
off l/O inch fr-r olnt where it -f he red to th bottom of t v e 

er? tciblo, Th® slu£ wan th^n is*B«r«®d in nitric acid and reduced 
to a >roria*te!y 1/3 inch in <H« »aet*r by 1/2 inch length. It wee 
int#n f»d by thin .s-.na to eliminate all v-aa/Hust fron the M ""nth 
except that which hart be. -a n into solution 'uriur' tho te^t reriad. 
A# a crcos-chcck of the eticc® of the nrocecs in rsnoviu*; all but 
dissolved material the remaining 'tiers were divided into t>-> parts 
which ere checked ?•* r,r tely. If the two parti did not ..tch within 
about ' J 0$ the two solutions mde « > from the two root Iona of the ilu& 
were rechochod. Ids ceounts for the extra entries f-'T ec.s .0 of 
th Bpeclwens in ibtble II. 

b. Chari c&l procedure 

(1) One fourth gram (.25 g ) of each of tho parts of the 

bier, nth n 1 wore bakua Into ’olutio vith 30 'rope of 

concent r ted nitric acid 

(2) washed down 
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(?) while funinr, nitric acU *.' , ded rlropvi're 
(k) funin/? an' addition of nitric acid e^ntlnuod rat 11 .11 
tsuwwUu® i» in solution 

(5) cooled and transferred to 110 ml rdu '<*trlc flask 

(6) diluted tn mxk stud icixod 

(7) aliruola were taken to contain not more tV»n 200 mlcrocr&jae 
of vanadiua 

(8) five drops of hydro- an perori4e added 

(9) diluted to rark with 10* sulfuric .cid, color allowed 
20 minutes to develop 

(10) cnlor Measured In Bsc'-nan apectrophofcoEster at wavelength 
of tyo millliticron# 

(11) 20 »1 aliruoto frc-M the original solution t-kea (for so&im 

B«Msurenent ) 

(12) 10 sc iron added end an tusennlts* precipitation. mde 

(13) to the ''lit rat » from t>© asraonlu* }T'd. sulfuric 

acid v.« tdded until th ablution v a Ju*t ~ci'J to lit'ori 
(1*-) 3 ml hyjrocloric acid 2 ml nitric acid added 

(15) eolution evaporated to ryaess 

(16) cooled, salts dl*~olvod In dietilled water, transferred to 
t^red platinum dish and &£&ln evaporated to dryness 

(1?) salt* were token up in water and a drop of a noninn 
hydro ride added 

(18) evaporated to ea.lt* and t’-c o:»lte hentpA until fortes 
cease anA fusion "begins 

(19) cooled and welched 

(20) sodieei content calculated froa sodiun calf ate present, and 
n&rta of vanadium per trillion parts of sodium deteradnnd 



3* UefcarKiditlon of Iron in Blnrath 
s, Prop tr^tion. for chord cal analysi * 

' *nm rettoral £vok the fum*.ce, jt«»l cmciVLee vore hold 
vertically for settling of irtielee, "uanched, swAtn*J, «*«a 
cleaned In ft snrtfv»r identical to ' ! ©*crtbeA in psrt 1 of 

Appendix C. 

*e. Chfsr&cal praeftitwe 

(1) ft weighed s&r.ple of the 14 *vmth m |/l cod In a 2$0 *1 
beaker nad osvny:? ai trie s.cid r -d<hjd to ink© sublets into 
solution 

(2) evaporated rwxwrly to tryaese 

(3) 5 sal hydrochloric arid ?.dded *r.d taken to . ryn»c.« 

(а) step (3) repeated 

(5) 10 »1 hydroclorle ? ciCi coded 

(б) a,i'mniv& chloride «ds2ed in ratio 1 g f >r very 0.1 g of 

BUS’. 1® 

(?) dilut d with distilled witer to 100 ®1 
(B) heated gently until .11 anneal u» chloride vac taken into 
solution 

(*?} transferred to so ltt** trie flask, diluted to stork, and 
slisnota taken aruiv lent to *V*ut 0.1 g sample# 

(1') all-no t diluted to c ro.rlssatr.ly 1-0 el 
(11) fti^eu 3 »1 hydrocninone solution ( lf>) 

{12) suhiod d ml of l-lo o r t-Se- jsHanan thro line ( 0,25 $’ ) 

( 13 ) 6 r<l AJ^niira citrate ( nolar solution ) sd.-’ed, stirring 
between addition* 



(14) A crystalline precipitate forased 

(15) Added ane~toone tm&nlym. hjdrcxxlde 

(16) Adjusted pi! to 3,5 

(1?) Solution* were transferred to IOC ral velxraotrdo flasks 
diluted to isark, and nixed 

(10) Allowed to stand 20 hours for full color devel opm e nt 
( 19 ) optical density read in /ec.xsn cpectrojataekoneter 
at wavelength of 513 idJUirssrcns, 

Cieegeni blank treated in ease ruaaner ms used for correction* 
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wsichrwCiion. Loading and vddind c* *-osa lubes 

t. rli. it -n is,- tfriu*t coat jU-.ci of Vui. tdi v. atttt.pt 
ic* to : xtr • o .w I a. ti.ldn -v r .• 3/4 1 th zj* *4r«l. -d# • lorvdrel 

f- ilj4 in t us « »brus - ' oin.. H auzr*-c .it* *it t o < jetal. The ramln- 
in tat* hro.,« ii iho first *,zt Urv » . t o>.i ^r- , -aohire, .sard-* 

ro~3 of t i* *j *« ’urrxi •' c . . v * i k & . it 13 

i,*d tt-st ti;«. r. - <L.rf- s -JLJ.t ' ve ecu e ‘v b.fdrt eu nbeerp- 

t4 n r oi* i i.' t .0 r J ilvi-Jl 1 the iron fror the extruded tube* 

*11* - ■J»c\f.as. w;li5:’ €"t l'xc» '/DC 0 C tl*o ii-m *. » 3.* a, r :ro:jd- 

— sil j d 4 , -w i%-< of -* j • «ii- tuoA.\ •’lit} villa, .la < Ir. the 

li u « ti«»* < ■ •ui-in • ».4». a ijri* 

•*ett4i»» • ■* sru «• i i (*> T) •*** Iran 

j-U i' ' h«-..j.i . »*i. a :*!. 1.'.*- r -.»**• tUu i 1 t. .i.14 iit. 

!-•. ,:t. » » -ab* re sm-*d t!-rou« it* • « ter f ti < *•» is >-<1 roved 

& ■ . 

'll. • * :!Io rs. dcall, oils .ed i . -at serfs c«* '• «•!£*. i 

ii he - • . in ri ■ ■ - 4 .• \, 1 j» a \ &Uc in 

« «'< x - v- -‘ ■- — io Ijtw 24* r -eJvvi'^ il* tu «* •*, he# 

on l.t -o-ii.fi- et L i uu t> •«.! I >4 av arshua -rj l..e c— b’.h ii n of a 
hi; r ^ v-in in c f t:*s ono a sn used, h -e .a '-a w ore 

c- " • .iVi vwi ■: JU t? }.*rrif^wd, < ‘W *e, • y ,4. vtt.be 

frui el<i» t: * •.tTfeee of • i-k> 1 ef «nat*n h® uth a.*«i fwseint • .• 
pipetted •eterial. 



Ail prec&titions taisan tc prevent 9mi. mt im .iAon of the cmciblea 



described in App wMic - , such as piekltng of tube* just prior to 
charging with biscsuth, purification urjoa in the ax*Mwltlxig unit, 
etc,, aero duplio .ted in praparcti m of tho meet transfer tubws* 
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’fnLoctrr-nle Interval ?iE»or 

Gillen' 1 at ions bi?-*! yzi best estimate* of he t conduction 
coefficients nd constants of esir*niTity that gtea/'y 

Bt’ito teasers ture* would .Vent be • -ro^ehel in the low tenpamtttrs 
end of x tilt-ta.be five alumi* * after the blwmth enffle from the 
hot, s*d f*t 900° C, 'ho calculations were based on a fall t»n rr^ae 
of contained *st#l ead Old not ♦, * ft into aeeennt dehlotioa of the 
bi «uth, nor *»•■•.* &’ Is doj. lotion vntiaipated to th-t extent to which 
It occurred. 

In order that th« fumn.ee remits in a tilted t position for a 
five r.imito period, it w <s neeesa a*y to cut off power to the »otor 
when the furnace tooter-board reached >-.yi end 'position. ‘Phis 
i# a <cct»;li ihcd %f attaching a c-.» to the fv.rn. ce teeter-board 
which e derated a oingle~?oie double-throw switch Inst jit -neously 
on and off opein while the t,eet«r-board was through 

horizontal dead center, in electronic interval tlr*r w * o per t*d 
by this -witch. ’Alio tbo -i cro switch \mrt operated, it eV.r£od a 
15 p'icroj*Cf..d oil-filled tetper c ' V cl tor to 22) volts fror - kO 
microf r :d electrolytic ecnl oncer. This v,s don- ►« t’ t <. t v c« 
c l » rue cou«® fc- s»ut into t>>e 15 cicrofaraA «&•» -citor in th * vary 
c v ort time that t^e witch w s on, ""ho electrolytic then had five 
ainutes to rec'* rr.fi* a ny6 titles, trio do cucn^cted, vus cut off by 
the v>it „<ts on the 15 «i«sref«r td capecltor for the tie it took to 



& nchnrg* through on«s of r everol selected ro«t«tor»i, Durirv: the 



view it took to fllsch-T£0, tV tube vm cat off, » reloy in its 
pint** ctrauit disconnected t K>w*r fro tV rsotor. Positive relay 
action v,8 ensured 1), «t feedback circuit Hich connected tho grid 
to - ,«cltiTo vo It- vo thxNJUgh « two r.»foh» resistor ■.« soon as the 
relay began. to clo^o. P-elny chat tor w • <? » /port eaced xxntil the 



f sdhach was added, 
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Figured Electronic Interval 
Timer for Mass-Transfer Experiment. 
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